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SUMMARY 

Experimental results relating to the effect of pressure gradient on 
the location of transition are presented for several constant-pressure- 
gradient models and for two power-profile (r « x n ) models. 

The transition delay increased with increasing favorable pressure 
gradient. In fact, increasing the constant pressure gradient 
(d(p/po)/dx] from 0 to -0.10 per inch increased the transition Reynolds 
number to 1.58 times that obtained for the cone model. The distance to 
transition for both power-profile models was approximately 2.7 times 
that obtained for the cone. This larger delay in transition has been 
attributed to the combined effect of blunting and a favorable pressure 
gradient. In each case, the transition Reynolds number based on local 
conditions was independent of unit Reynolds number. The data also in- 
dicate that local conditions in the tip region are of importance in de- 
termining the location of transition. 


INTRODUCTION 

An investigation of boundary- layer transition with surface cooling 
(ref. l) revealed that the transition Reynolds number on a parabolic- 
nosed body of revolution was approximately double that for a cone- 
cylinder model. This delay in transition is attributed in reference 1 
to the favorable pressure gradient on the parabolic nose. The fact that 
the transition Reynolds number is increased by a favorable pressure gra- 
dient is in agreement with the trends predicted by available stability 
theories. However, since the pressure gradient was not constant over 
the nose, the effective magnitude of the pressure gradient causing the 
delay is unkn own. In fact, all the available experimental transition 
data for bodies of revolution are restricted either to cones that have 
a zero pressure gradient or to bodies having a varying pressure gradient. 
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Significant delays in transition have also been obtained by blunt- 
ing the leading edges of test models (refs. 2 and 3). An exception to 
this behavior is presented in reference 3, where blunting the parabolic- 
nosed model failed to increase the transition Reynolds number over that 
obtained on the sharp parabolic model. This failure to delay transition 
further by tip blunting was attributed to the region of adverse pressure 
gradient just downstream of the blunt tip. As a result, it might be an- 
ticipated that, if the forebody pressure distribution had been completely 
favorable, a significant delay in transition would have been obtained. 

Therefore, the primary objective of this investigation was to study 
the combined effects of unit Reynolds number and constant favorable pres- 
sure gradients on transition at equilibrium conditions. An additional 
objective was to determine whether the delay of transition due to tip 
bluntness could be augmented by a favorable pressure distribution. 


SYMBOLS 


Pj ~ Pn 

C n pressure coefficient, CL = 

■F r an 


L 


axial distance to maximum- diameter station 


M 


Mach number 


nondimens ional pressure gradient 



P 


static pressure 


q dynamic pressure 

Retr transition Reynolds number, Re = us/v 


r 


body radius 


s 


distance along model surface to location of transition 


T 


absolute temperature 


u 


velocity 


u/v unit Reynolds number 
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x 

r 

5 

n 


distance along model centerline 
ratio of specific heats 
local surface inclination 


recovery factor based on local conditions. 



T 

T 


l 

l 


v kinematic viscosity 

Subscripts : 

2 local conditions at edge of boundary layer 


max maximum 

N model vertex 

s at shock 

t stagnation conditions 

w wall values 

0 free stream ahead of shock wave 


APPARATUS AND PROCEDURE 
Wind Tunnel 

The models were tested in the NACA Lewis 1- by 1-foot variable 
Reynolds number tunnel operating at a Mach number of 3.12. Stagnation 
temperatures were maintained at 80°±2° F, while the stagnation pressure 
was varied from 7 to 66 pounds per square inch absolute . . The resultant 
unit Reynolds number ranged from 0.83X10 5 to 10X10 5 per inch. All the 
models were sting-mounted in such a way that the tip of each model was 
in the same axial location in the tunnel. 


Models and Instrumentation 


The configurations used for the present investigation are shown in 
figure 1 along with a sketch showing the pertinent body coordinates. 

All models were constructed from nickel with a wall thickness of approx- 
imately 0.060 inch. The average surface finish for all models as meas- 
ured by a Brush surface indicator was about 6 microinches. Except for 
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model 3, every pointed model had a conical tip with an included angle of 
approximately 18°. Model 3 had a tip included angle of approximately 
24°. The tip bluntness of each sharp-nosed configuration was less than 
0.005 inch in diameter. According to reference 2, this amount of blunt- 
ness should not produce any variation in the distance to transition or 
in the equilibrium temperature distribution. In addition to the models 
shown in figure 1, provision was made to attach a cylindrical aft sec- 
tion to model 2. With this provision, the effect of the adverse pres- 
sure gradient associated with the cylindrical section could be determined. 

Surface temperatures were obtained by measuring the electrical out- 
puts of copper-constantan thermocouples installed on the top generator of 
each model at l/2-inch intervals. The millivolt outputs were read auto- 
matically with a digital potentiometer and recorded on punch tape. The 
surface temperatures obtained in this manner are believed to be accurate 
to ±0.5° F. Model and tunnel wall static -pres sure distributions were 
measured on butylphthalate differential manometers to an accuracy of 
±0.002 pound per square inch. Stagnation pressures were accurate to ap- 
proximately ±0.05 pound per square inch. 


Model Design Procedure for Constant Pressure Gradient 

It was desired to design a sharp-tipped body contour having a linear 
pressure distribution (or a constant pressure gradient). Such a contour 
could be calculated by the method of characteristics (ref. 4); however, 
this approach is very time-consuming. As a result, an approximate method 
was derived based on the theory of reference 5. 

If it is assumed that the body is slender (i.e., the body slopes are 
small) and the Mach number is large, the local Mach number is given by 



where Mpj is the surface Mach number at the vertex of the model, and 
5 jj is the flow inclination at the vertex of the model or the cone half- 
angle. Solving equation (l) for the local surface inclination 5 yields 


5 



( 2 ) 


To the order of accuracy of the analysis reported in reference 5, 
the ratio of the local surface Mach number to that at the shock can be 
expressed in the form 
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JL 

M„ 



(3) 


where p s and M g are the static pressure and Mach number, respectively 
at the shock. The pressure rise at the shock (p s /pq) is given by 


^ = 1 + r (mo^n) 2 ( 4 ) 

while the Mach number ratio is given by 



Equation (2), in terms of known quantities and the static -pressure 
distribution, finally reduces to 


r-1 



If a linear pressure distribution is assumed and 5 is considered small 
(tan 5 = &), equation (6) becomes 

r-i 

= A + B(ax + b) 2 * (7) 

dx 


A 


= 6 


2 1 


n " r - i m n 


where 


6 


NACA TN 4313 


B = 


2 


r - 1 


1 


r-i 




2 


r - i 


l 


r-i 



% 


a 


4(p/p 0 ) 

dx 


b 


% 

PO 


Equation (7) may now be integrated to give the body contour having a lin- 
ear pressure distribution. The contour is given by 


r 


Ax + B 


2T 

a(3y - l) 


5f-l 

2r 


(ax + b) 


+ C 


( 8 ) 


The integration constant is determined from the tip conditions (x = 0, 
r = 0). The equation describing the desired contour finally becomes 


r 


Ax + 


2rB 

(3 r - l)a 


3 Izi 
2r 

(ax + b) 


5r-i 

2r 


- (b) 


(9) 


As a check for equation (9), the example calculated by the charac- 
teristics method of reference 4 was also calculated using equation (9). 

A comparison of the two calculations shows that the maximum difference 
between the two radii was approximately 6 percent. Hence, it is antici- 
pated that equation (9) will yield a body contour having a reasonably 
linear pressure distribution. 


RESULTS AND DISCUSSION 
Local Flow Conditions 


Typical pressure and Mach number distributions for all models but 
the cone are presented in figures 2 and 3, respectively. As indicated 
in the figures, both the pressure and Mach number distributions are 
fg^j>2y linear for models 2 and 3. A comparison of the experimental pres- 
sure data with the design pressure distribution shows that the pressure 
gradient of the experimental data is less negative than the design 
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gradient. The difference noted in the pressure gradient is attributed 
to the hypersonic approximations in the design method and the accuracy 
to which the body was made. It is of special interest for the power- 
profile models (r oc x n , models 4 and 5) to note that, aside from the 
small adverse pressure gradient existing on the cylindrical section, the 
pressure distribution appears to be completely favorable. 


Recovery -Factor Distributions 

Typical recovery factors tj, based on local flow conditions, are 
presented in figure 4 for each model at a unit Reynolds number of 
6.25X10^ per inch. For convenience, the distance to the location of 
transition was measured along the model centerline, except for the 
power-profile models 4 and 5, where distance along the surface was used. 
The location of transition was chosen at the station where the recovery 
factor or the equilibrium temperature first reached a maximum value. 

The transition point defined in this manner is usually in good agreement 
with the location picked from schlieren pictures if the model pressure 
gradient is zero (fig. 4(a)). However, there are nonzero-pressure- 
gradient cases (figs. 4(d), (e), and (f)) where the peak recovery method 
and the schlieren location do not agree. 

A comparison of figures 4(d), (e), and (f) shows that, as the nose 
pressure gradient becomes large negatively, the schlieren indication of 
transition moves upstream from the peak recovery factor towards the ini- 
tial rise in recovery factor. With with outlook, the peak recovery fac- 
tor would be more closely associated with the end of transition than the 
beginning. In addition to this complication, reference 6 has reported 
that the indication of transition from hot-wire traces is appreciably 
ahead of the station that would be obtained from schlieren pictures. In 
fact, the schlieren photographs indicated the location of transition to 
be an average of 25 percent farther downstream than that identified from 
the hot-wire traces. 

To further complicate matters, the recovery-factor distribution 
could be significantly affected by wall conduction. The effect of wall 
conduction on cone recovery- factor distributions is reported in refer- 
ence 7, which shows that, as the wall thermal conductivity increased, 
the location of the initial rise in recovery factor moved upstream of 
the location obtained for a wall with a very low conductivity and the 
peak value moved downstream. Consequently, the actual transition loca- 
tion must lie someplace between the initial rise in recovery factor and 
the peak. 

The net result of the preceding discussion is that some doubt has 
been cast upon the use of recovery-factor distributions to establish 
the absolute location of transition. However, the use of peak recovery 
factors should provide the relative effects of pressure gradients. 
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Effect of Unit Reynolds Number 

The results of the investigation are summarized in figure 5, where 
the distance to transition is plotted as a function of local unit Reyn- 
olds number. In general, the slope of these curves is -1, indicating 
that the transition Reynolds nurhber (based on local conditions) is a con- 
stant for each constant-pressure-gradient model over a unit Reynolds num- 
ber range extending from approximately 2X10^ to 10x10 ^ per inch. 

Also included in figure 5 for comparison is the faired curve for a 
10°-included-angle cone which was tested in the same wind tunnel (ref. 

2). A comparison of this curve with the curve obtained from the 18° - 
included-angle cone used in the present investigation (model l) shows 
different slopes. In fact, the transition Reynolds number based on lo- 
cal conditions for the 10° cone was not a constant, but was given by 
. .0.34 

Re-^ = 45,900f— j . At first this behavior is surprising; however, 

if the basic difference between the two models (local conditions) is 
considered, a possible explanation of this behavior may be found. The 
10° cone has a local Mach number of 3.0, whereas the 18° cone has a lo- 
cal Mach number of 2.8. Now, an examination of the transition results 
for a 10° cone presented in reference 8 shows that, as the local Mach 
number decreases, the slope of the curve of transition distance against 
unit Reynolds number becomes more negative. Therefore, the fact that 
two different slopes were found for two different cone angles is con- 
sistent with other results. However, the preceding discussion does make 
the effect of local Mach number on the transition Reynolds number dis- 
cussed in references 2 and 7 uncertain. This effect is illustrated in 
the following sketch: 



The unit Reynolds number at which these data were obtained for this ef- 
fect was about 3X10 5 per inch. Now, based on the data presented herein 
for the two cones (see sketch (b)), it appears that, if the unit Reynolds 
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C\J 


CV3 

I 


o 



Cone, 

Cone, 


M 7 


m 7 


(h) 


3.0 

2.8 


number u/v is high enough, the trend of the curve shown in sketch (a) 
could be completely reversed, or the low point of the curve could be 
shifted to a Mach number considerably less than that presented in ref- 
erence 7. These arguments are certainly not conclusive, but it appears 
that the effect of local Mach number on the transition Reynolds number 
has not been completely defined and may be substantially changed by the 
unit Reynolds number. 


Effect of Pressure Gradient 

The effect of favorable pressure gradients is illustrated in fig- 
ure 6, where the ratio of local transition Reynolds number with pressure 
gradient to that without (model l) is plotted against the experimental 
pressure gradient. For the constant-pressure-gradient bodies this Reyn- 
olds number ratio increases with the nondimens ional pressure gradient, 

P* = d(p/p 0 )/d(x/L), to a value of 1.58 for model 3. 

The length L used to make the pressure gradient P' nondimen- 
s ional is the axial distance to the maximum-diameter station. This 
length is not arbitrary but is defined by the pressure distribution and 
may be obtained from equation (7). This yields 


2r 



a 


However, it should be noted that, although L makes the pressure gra- 
dient nondimens ional, it does not make it independent of scale. This 
may be shown as follows: 

2r_ 

= La = -b + = f(5 N ) 
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As a result, the experimental data do reflect the effect of cone angle 
5u on the location of transition. 

Figure 6 also indicates that, in order to get any sizable increase 
in the transition Reynolds number by means of a favorable pressure gra- 
dient, P' must be in the neighborhood of -1.0. In addition, an approxi- 
mate value for the sharp parabolic-nosed model of reference 1 is in- 
cluded in figure 6. Using a local Reynolds number ratio of 1.7, which 
is approximately the equilibrium value, and evaluating the pressure gra- 
dient at the leading edge, the point falls in line with the curve pre- 
sented in figure 6. Thus, it appears that the local conditions in the 
tip region may be very significant in determining the location of 
transition. 

The effect of a small adverse pressure gradient preceded by a favor- 
able gradient (model 2 and cylindrical section) may be seen by referring 
to figure 5. For some time, it was thought that perhaps this condition 
would adversely influence the location of transition. Although only two 
points were obtained on the cylindrical section, the results indicate 
that, for the conditions of the investigation, the small adverse pres- 
sure gradient existing on the cylindrical section of the model does not 
influence the location of transition appreciably. In fact, it might be 
concluded that the conditions on the forebody control the location 
of transition. 

Since both power-profile models have favorable pressure distribu- 
tions on the nose section (see figs. 2(d) and (e)), it was expected that 
the blunting effect discussed in reference 8 would be augmented by the 
favorable pressure gradients. (Based on the previous discussion, it is 
believed that the effect of the adverse pressure gradient on the cylin- 
drical section was negligible.) The data obtained for both the cone and 
the power-profile models are presented in figure 7 in terms of the free- 
stream unit Reynolds number. This type of presentation is used because 
it best illustrates the actual physical delay in the location of transi- 
tion. The expectation was fulfilled, for the distance to transition was 
increased by a factor of about 2.7 times that obtained for a sharp cone 
(see fig. 7) and approximately twice the maximum value (l.3) obtained 
for a hemispherically blunted cone (see ref. 2). To the author's knowl- 
edge, this is the largest transition delay reported to date under equi- 
librium conditions for an axially symmetric body at M B 3. 

The set of data obtained for the power-profile models also supports 
the conclusion that the local conditions in the tip region are control- 
ling the location of transition. This may be seen readily from figure 
8, where the forebody pressure distribution for both power-profile mod- 
els is compared with that for model 2. It is to be noted that the pres- 
sure gradients in the tip region are quite large, whereas those down- 
stream of this region are very close to zero. , 
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Reference 2 has reported that the maximum experimental transition 
delay obtained on a hemispheric ally blunted cone was 1.3, whereas the 
theoretical value predicted by reference 9 for a zero-pressure-gradient 
model is 2.17. The failure to achieve the theoretical delay was par- 
tially attributed to the adverse pressure gradient associated with the 
tip region. On the other hand, the blunt power-profile models, which 
had completely favorably pressure distributions on their nose sections, 
gave a transition delay of approximately 2.7. Therefore, it appears 
that the transition delay due to blunting predicted in reference 9 for 
axisymmetric bodies is not obtained in the absence of a completely favor- 
able nose pressure distribution. When the effects of blunting and favor- 
able pressure distributions are combined, however, the predictions of 
reference 9 may be fulfilled or may be exceeded considerably. 


SUMMARY OF RESULTS 

A study of the equilibrium temperature distributions for three mod- 
els having varying degrees of constant pressure gradients and for two 
power-prof ile models has given the following results: 

1. The ratio of local transition Reynolds number with constant pres- 
sure gradient to that with zero gradient increases with increasing favor- 
able pressure gradient. The largest value of the Reynolds number ratio 
was 1.58, and this was obtained with the model having a constant pres- 
sure gradient £d(p/pQ)/dx] ”0.10 P er 

2. The transition Reynolds number ratio (based on free-stream con- 
ditions) obtained for both power-profile models was approximately 2.7. 
This large delay in transition has been attributed to the blunting effect 
augmented by a favorable pressure distribution. 

3. Contrary to previously reported results for cones and cylinders, 
the transition Reynolds number based on local conditions for each of the 
constant-pressure-gradient models was independent of unit Reynolds 
number . 

4. A comparison of the transition location defined by the peak re- 
covery factor with that obtained from schlieren pictures shows that, as 
the nose pressure gradient becomes large negatively, the schlieren indi- 
cation of transition moves upstream towards the initial rise in recovery 
factor. As a result, doubt has been cast upon the use of recovery- 
factor distributions to establish the absolute location of transition. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, April 25, 1958 
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Model 

d(p/p 0 ) 

L, 

in. 

r max> 

in. 

dx ' 

1 

in. 

1 

0 

16.56 

2.50 

2 

-.05 

14.90 

1.30 

3 

-.10 

10.60 

1.26 


Constant-pressure-gradient models 



Model 



/x W2 

4 

w (p ) 


/ X Y /3 

5 

r maxy L ) 


Power-profile models 
(b) Model Dimensions. 

Figure 1. - Concluded. Model configurations investigated. 
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(b) Model 2 plus cylindrical section. 
Figure 2. - Surface pressure distribution. 
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Figure 2. - Concluded. Surface pressure distribution. 
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(a) Model 2. 
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(b) Model 2 plus cylindrical section. 
Figure 3. - Surface Mach number distribution. 
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(c) Model 3. 

Figure 3. - Continued. Surface Mach number distribution. 
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(d) Model 4. 
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Figure 3. - Concluded. Surface Mach number distribution. 
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Figure 4. - Typical temperature -recovery-f actor distribution. Free-stream unit Reynolds number, 
Uq/vq; 6.25X10 5 per inch. 
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(b) Model 2. 



(c) Model 2 plus cylindrical section. 

Figure 4. - Continued. Typical temperature-recovery-factor distribution. Free-stream unit Reynolds 
number, Uq/vO' 6.25x 10 5 per Inch. 
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Figure 4 . - Continued. Typical temperature -recovery -fact or distribution. Free-stream unit Reyn- 
olds number, Uq/vq, 6.25X10 5 per inch. 
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(f) Model 5. 

Figure 4. - Concluded. Typical temperature-recovery-factor distribution. Free-stream unit 
Reynolds number, Uq/vq, 6.25x 10 5 per inch. 


4724 


Distance to transition 


MCA TN 4313 


25 


t- 



Local transition Reynolds number ratio 
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Figure 6. - Effect of pressure gradient on transition Reynolds 
number . 
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Figure 7. - Combined effect of blunting and favorable pressure 
distribution on location of transition. 
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